I. INTRODUCTION
W E REPORT the highest fiber-to-waveguide coupling efficiencies for optical systems involving single-mode optical fibers and single-mode acrylic waveguides. This work is inspired by the need to route and terminate single-mode fibers on integrated optical subsystems. With the advent of fiber-optics, techniques to couple optical fibers to singlemode optical waveguides must be designed for efficiency and ease of fabrication. There have been many coupling techniques [1] - [4] developed with various coupling efficiency results. The goal is to have an efficient means to couple single-mode optical fibers to single-mode optical waveguides. Previously, a coupling technique was developed at Washington University [5] to couple multimode optical fibers to multimode optical waveguides efficiently. Incorporating a few changes presents a solution to the difficult alignment requirements for single-mode dimensions. The technique described in this paper alleviates some drawbacks associated with these other techniques. In particular, the technique offers high coupling efficiency, a high degree of repeatability, and it lends itself to passive alignment coupling.
II. COUPLING DESIGN AND FABRICATION
The coupling technique includes modifications made on the single-mode optical fiber and the buried acrylic optical waveguide. In addition to efficient coupling, there are no restrictions on the coupling location on the wafer (i.e., coupling Manuscript received December 9, 1996 ; revised March 21, 1997. This paper was supported in part by Rome Laboratory, Rome, NY.
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at the edge of the wafer is not necessary). Straight waveguides 5 cm long were fabricated to test fiber-to-waveguide coupling efficiency and optical waveguide attenuation. The fabrication process for the single-mode -fiber has been described in detail elsewhere [6] and is only briefly described here. The single-mode acrylic waveguides are fabricated with standard photolithography techniques using a photomask positioned above the photodefinable polymer. The polymer is exposed to ultra violet light and the unexposed polymer is rinsed off the surface with acetone. The fabrication process provides better than a 1 m resolution for the optical components on the substrate.
A. Single-Mode -Fiber
The fiber must first be altered so that its core can be placed in intimate contact with the input aperture of the buried optical waveguide. The input fiber slides on the lower-cladding layer between the alignment ways to the waveguide as shown in Fig. 1 . The fiber is fashioned into a "D"-shaped cross section by an in situ lapping technique [6] with 1 m precision. If the fiber is lapped to the core from one direction and then cleaved, and the end face is polished, the lapped region can be laid onto the lower-cladding layer between the alignment ways so that the core will be essentially parallel with the waveguide and centered on its optical axis (i.e., collinear). One single-mode -fiber is used for all measurements, therefore, coupling losses due to the -fiber fabrication are consistent.
B. Waveguide, Transcision, and Alignment Ways
Acrylic-based photopolymers composed of Ebecryl resin, OTA480 diluent, and Irgacure184 photo-initiator [7] are used for both cladding ( 1.494) and core ( 1.497) layers. Tailoring the index of refraction and fabricating the waveguide to the proper dimensions are crucial steps to coupling light [8] , [9] efficiently from single-mode optical fibers. The photopolymer acts as a negative photoresist and is directly patterned in a single proximity-masked step. At the same time that the waveguide is patterned, alignment ways used to position the single-mode -fiber are also patterned. Therefore, both waveguide and alignment ways are 8 m thick. The buried waveguide structures are prepared to receive -fibers by mechanically sawing a transcision, using a Tempress model 602 dicing saw, perpendicular to the waveguide's optical axis. The transcision leaves a 140 m wide trench between the input aperture of the optical waveguide and the alignment ways. The transcision provides a nearly perpendicular structure (0.75 from ) and a planar waveguide input aperture. The sawcut waveguide is inspected using Michelson interferometry with Na illumination showing that end face roughness is less than 50 nm. Several saw cuts are made beyond the alignment way structure to allow the -fiber to be permanently mounted. This area is called the shelf region. Upper-and lower-cladding layers surround the waveguide core. However, only the lower-cladding layer supports the alignment ways. The upper-cladding layer is masked from forming over the alignment way structures to give each waveguide's end face access via the -fiber.
Since the alignment way patterns are located on the same photomask as the waveguide patterns, the accuracy of alignment way placement with respect to waveguide placement depends upon the accuracies attainable during the photomask fabrication. For photomasks used in this work, pattern registration has a placement accuracy better than 0.2 m. Other aspects that produce inaccurate alignment between optical fiber and waveguide are the processing resolution and the tolerance of the outer diameter of the 125 m optical fiber that each may vary by 1 m. These tolerances can have a greater influence on the deviation from ideal optical power coupling efficiency than the pattern registration tolerance. The cutaway drawing in Fig. 1 shows how the acrylic layers, in conjunction with the transcision, stack up on the silicon wafer. The SEM picture in Fig. 2 shows the transcision and alignment ways used for this experiment.
III. EXPERIMENTAL RESULTS
The measurements for the cutback experiment were collected by aligning the single-mode -fiber at the input waveguide. A second single-mode fiber was butt-coupled to the output of the acrylic waveguides and adjusted for maximum optical power throughput. The fiber has an 8 m core with a 125 m outer diameter. Each fiber used in the experiment is approximately 1 m in length and coiled on the optical table with a radius of 10 cm. The -fiber is positioned up to the waveguide using an stage. The coordinate axes of , and are shown in Fig. 1 . The combination of a precisely lapped -fiber and a lower-cladding layer extending beyond the core region results in a method to control the -fiber's position in the -direction. Positioning of the input -fiber in the -direction is controlled by the alignment ways which are photodefined with the same mask used to fabricate the optical waveguides. Due to the transcision between the alignment ways and the buried acrylic waveguides, the -fiber can be slid on the lower-cladding between the alignment ways directly up to the nearly vertical end face of the acrylic waveguide. For a permanent installation of the -fiber coupled to the buried optical waveguide, photodefinable low-index resin could be poured around each coupling and be cured into a polymer with UV light. The rotation angle of the flat side of the -fiber is and the pitch angle from the waveguide's optical axis to the fiber's optical axis is . The length of the alignment ways restricts the sixth degree of freedom for the -fiber. The flat side of the -fiber is positioned to lie coplanar with the lowercladding layer between the alignment ways to within 0.5 using autocollimation. The alignment ways and lower-cladding surface allow easier alignment to the optical waveguide than the butt-coupling approach since two additional degrees of freedom are constrained, namely and . These positioncontrolling features help to position the single-mode -fiber for optimal coupling.
A. Active Alignment
A single-mode -fiber is used to launch optical power into the single-mode optical waveguide in the manner described in the previous section. The power collected at the output of the waveguide is maximized by aligning the -fiber to the input of the waveguide. Each alignment took less than two minutes. A single-mode fiber is butt-coupled to the output of the single-mode waveguide to collect the optical power. A schematic showing the experimental setup is shown in Fig. 3 . For the full-length waveguide, and following each cutback, a "sample in" and "sample out" measurement is made to find both waveguide attenuation and coupling loss. The optical losses of the experiment can be attributed to the following: 1) -fiber-to-waveguide transcision coupling, ; 2) single-mode fiber-to-waveguide butt-coupling, ; 3) Fresnel reflections, ; 4) waveguide attenuation. The loss components should be constant throughout the cutback experiment. The value ( ) and waveguide attenuation are found from the cutback experiment. The attenuation coefficient of the optical waveguide is found from (1) where the initial optical power is , and is the distance from the input aperture along the waveguide's optical axis. This power is reduced by reflections, absorption, and scattering as it propagates into and through the material. Each Fresnel reflection at locations with a refractive index mismatch is calculated using (2) The values and represent the indices of refraction of material on either side of an interface. The material may be the optical waveguide, the index matching liquid, or the singlemode optical waveguide. The slope and intercept of the curve in Fig. 4 gives the waveguide's attenuation and the combined coupling losses, respectively.
Measurements were taken to characterize the waveguide losses and the coupling losses by performing cutbacks on three waveguides. Losses due to Fresnel reflections at each interface have been subtracted. The waveguide attenuation is found from the slope of the insertion loss curve shown in Fig. 4 , and the sum of the coupling losses ( ) is given by the curve's -intercept. The waveguide attenuation is 0.71 dB/cm at 1300 nm. The combined loss for input and output couplings is 0.99 0.23 dB. This gives a single average coupling loss of 0.5 0.16 dB or an 89% 4% coupling efficiency. 
B. Passive Alignment
A separate experiment is conducted to find the average coupling loss using a passive alignment technique. A 6.3 cm single-mode optical waveguide is repeatedly connected to a single-mode -fiber. The -fiber is positioned up to the waveguide input by viewing from above the coupling. Thirty-seven couplings were completed using one -fiber and one singlemode waveguide within 23 min. Between each coupling, the -fiber was removed beyond the alignment ways, and theand -positions were arbitrarily adjusted. The power collected at the waveguide's output is recorded after each passive coupling is completed. A histogram showing the results is shown in Fig. 5 . The passive coupling loss is the -fiberto-waveguide coupling loss after the waveguide's average attenuation and Fresnel reflections are subtracted. A variation in coupling losses results from a variation of insertion loss measurements for each of 37 passive couplings. One standard deviation value in these measurements of 0.34 dB is approximately 0.1 dB greater than the theoretical [10] optical power loss resulting from a transverse offset of 1.0 m between cylindrical single-mode waveguides. From the previous section, the waveguide's average attenuation is 0.71 dB/cm. Therefore, the average passive coupling loss is 0.85 0.34 dB (82% 10% coupling efficiency). This means that there is an excess loss of 0.35 dB due to passive coupling over active coupling.
IV. CONCLUSION
We report a highly efficient coupling technique which relies on a combination of three factors: a modified single-mode -fiber, photodefined alignment ways, and a transcision at the waveguide entrance aperture. A -fiber offers a means to control the location of its core with respect to the singlemode acrylic waveguide. The photodefined alignment ways provide the lateral control of the -fiber's position. A transcision gives access to the input aperture of the single-mode acrylic waveguide. This technique yields an average coupling loss of 0.5 dB when single-mode fibers are actively coupled to acrylic waveguides using index matching liquid. These coupling results are among the best for single-mode optical fiber and single-mode acrylic waveguide. Although active coupling offers high efficiency using the technique described here, efficient passive coupling is strongly desired for quick connections. Utilizing this technique, passive coupling offers a 0.35 dB excess loss over active alignment. Some of the passive coupling efficiencies were better than 94% which can be seen from Fig. 5 . The highest passive coupling efficiency was 97.3% (0.12 dB loss). The technique offers the freedom to couple -fibers, singly or in arrays, to optical waveguides anywhere on the substrate, not just at the edges. As more optical subsystems are integrated with electrical subsystems to provide large-bandwidth networks, the ideas presented here will help in fabricating high-quality optoelectronic systems.
